In this work plastic strain localization, also referred to as necking, of press-hardened ultra-high strength steel is observed using digital speckle correlation. The region of the neck is studied during tensile tests of specimens specially designed to facilitate strain localization at an inner point of the material, thus avoiding edge effects on localization and fracture. By using measurements with a length scale small enough to properly resolve the neck, its growth and shape can be studied. Furthermore, the anisotropy of the material is investigated by examining specimens cut out at different angles to the rolling direction. It is seen that the local fracture strain of specimens cut out along the rolling direction is approximately twice as high as it is for specimens cut out perpendicular to the rolling direction.
Introduction
Plastic forming of ductile sheet metal is a very common activity in for example today's automotive industry as well as in other mechanical applications. Also in unintentional situations such as collisions, sheet material is subjected to plastic deformations. In the beginning of the plastic process at low strain levels the state of strain is generally smooth but after this initial stage the developing strain is often localized to a narrow area. This localization is called necking and it is the prelude of fracture because a crack is ultimately formed in the neck. The most well known example of plastic localization is perhaps the forming of a neck towards the end of a standard tensile test.
The localization of strain to a limited region results in a rapidly increasing strain level within this region. This increase in strain will ultimately lead to the onset of fracture which in all practical situations is an unwanted scenario. In many technical applications it is desirable to use the materials to their limits, that is, deform them as much as possible without causing a fracture. Therefore, it is of great interest and importance to widen the knowledge and understanding of the phenomenon of necking.
Within the automotive industry crash-protecting components such as A-and B-pillars, bumper beams and side impact protections are often made from ultra-high strength steel. The purpose is to save weight at maintained or increased structural strength. In order to save even more weight, larger structures of the vehicles could be made from this type of material. However, this development requires a very detailed knowledge of the behaviour of the material, also regarding necking and fracture.
The phenomenon of necking has been studied for a long time. One goal has been to determine the entire true stress-strain relation for a material up to fracture see Zhang and Li (1994) , Meuwissen et al. (1998) , Zhang (1995) , Ling (1996) , Koc and Štok (2004) , Zhang et al. (1999 Zhang et al. ( , 2001a which is of importance for accurate simulation of large-strain applications. In sheet forming processes forming limit diagrams (FLD) are often used to predict local necking and subsequent fracture and the establishment of such diagrams includes study of the necking phenomenon under more general conditions than the conventional uniaxial tensile test. Analytical background for FLD theories can be found in e.g. Hill (1952) , Swift (1952) , Marciniak and Kuczynski (1967) , Storen and Rice (1975) , Needleman and Tveergaard (1977) and some recent experimental work is reported in Brunet et al. (1998) and Brunet and Morestin (2001) .
Experimental techniques have developed rapidly during the last decade and the trend towards optical field methods is strong. An example of an older experimental work based on conventional microscopic observations of the metallographic structure during deformation is given in Carlson and Bird (1987) . Examples of modern methods used in observations of plastic deformation and neck-ing behaviour are Brunet et al. (1998) , Brunet and Morestin (2001) , Suprapedi and Toyooka (1997) , Gong and Toyooka (1999) , Wattrisse et al. (2001a,b) , Vial-Edwards et al. (2001) , Quinta da Fonseca et al. (2004) , Guelorget et al. (2006 ), Martí nez et al. (2003 , Labbé and Cordero (2007) . It seems that digital speckle correlation (DSC) is perhaps the most commonly used full-field experimental method for studies of plasticity. This is explained by the fact that it has become available even outside optics labs and it is fairly simple to use also by investigators who are not experts in optics. It is also commercially available nowadays. This method is reviewed and evaluated in Tong (2005) , Schreier and Sutton (2002) , Hild and Roux (2006) and some good examples of its application in material studies can be found in Brunet and Morestin (2001) , Quinta da Fonseca et al. (2004) , Kajberg and Lindkvist (2004) .
DSC is used in the present study with focus on investigation of the nature of necking appearing in ultra-high strength steel under tension. The region of the neck is observed in detail at a number of time instants throughout a tensile test of a specimen. This enables studies of both the growth and the shape of the neck. Strain components in the neck region are recorded during the tensile plastic process. Proper measurements of the necking phenomenon require the length scale of the measurement to be small enough so that the neck is sufficiently resolved. The dependence of different length scales in the measurements is investigated.
In order to investigate the behaviour of the material itself and not the influence from edges, a non-standard specimen shape is developed. The specimen shape is designed to produce plastic strain localization in the centre of the specimen. This causes the fracture to emanate from an interior point of the specimen, thus eliminating influence from edge effects. Also, the chosen specimen design allows the position of the fracture to be determined prior to the experiment and therefore the measurement can be focused to that region, thus enabling a higher spatial resolution.
Anisotropic behaviour regarding plasticity and fracture is common for rolled sheet material and proper understanding and modelling is essential in simulation of sheet forming processes (see Huang et al., 2000; Brunet et al., 2005; Hill, 2001) . DSC is a suitable method for experimental investigation of strains in different directions and their development during loading to fracture. Strains at the centre of the neck in specimens taken at 0°, 45°and 90°to the rolling direction are studied in this work. The material in the investigation is a press-hardened ultra-high strength steel.
Experiments

Material and specimens
The material chosen in this investigation is an ultra-high strength steel (hardened 22MnB5) which is used in protective structures in cars. Anisotropy is introduced by the rolling process of the base material. Simultaneous forming and quenching in water-cooled tools gives the material its strength properties. Components may be loaded in such a way that fracture will not emanate from an edge and therefore it is of interest to examine fracture behaviour at an inner point. Conventional tensile specimens (SS EN 10 002-1) with a straight part are unsuitable because the edge may influence the fracture process to a high degree through irregularities, micro cracks and heat effects from the cutting process. Further, the exact position of the final fracture is unforeseeable in such specimens and since local measurement in the area of plastic localisation is the objective of this investigation, straight specimens were not used. Instead a specimen shape with a shallow notch is chosen. A varying cross section of the specimen will cause a non-homogeneous state of strain and stress but the position of the localisation and subsequent fracture is determined by the notch and thus possible to predict with high accuracy.
The suitable shape of the specimens was determined through a pilot study involving FEM-simulations and experimental verification. A plausible stress-strain relation and fracture strain criterion, determined approximately in the study, was used in the simulations and different specimen shapes were tested numerically through simulation of tensile loading to fracture. Shapes leading to localisation and fracture initiation in the inner part of the specimen are potential geometries for this research and specimens with shallow notches showed such behaviour. Lower fracture strain at the edges due to influence from cutting was not assumed in the simulation model and therefore the numerical results had to be verified by a set of preliminary experiments. The final shape of the specimens that was chosen for the rest of the investigation is presented in Fig. 1a .
For reference, conventional tensile tests using straight specimens and an extensometer are performed. There is however a slight modification to the standard straight specimen (SS EN 10 002-1). The sides are not exactly parallel but instead machined with a large radius to ensure that localisation and fracture take place within the gauge length covered by the extensometer. Geometries for both the notched and the straight specimen are presented in Fig. 1 .
The conventional tensile testing of straight specimens according to Fig. 1b is performed with an extensometer length of 50 mm. Specimens taken parallel, perpendicular and in a 45°angle to the rolling direction are tested and stress-strain diagrams are presented in Fig. 2 . Tests are performed on specimens with thickness t of both 1.2 and 2.4 mm and each test is repeated two times. All specimens are cut from sheets that are hardened in a press between flat cooled surfaces. Abrasive water cutting is used for manufacturing of all the specimens and testing is performed in the as-delivered condition without further treatment.
Experimental set-up and procedure
Local strains are measured with the method of Digital Speckle Correlation (DSC), which is a multi-point or grid method giving strain data in a large number of points over the monitored area. Speckle patterns in the form of randomly distributed black and white dots were applied to the specimens with spray painting. The experimental arrangement, sketched in Fig 250 kN) for loading, a CCD camera (PCO Sensicam, 1024 Â 1280 pixels) with a lens (Nikon Micro Nikkor 105 mm) mounted in front of the specimen and an ordinary PC for storing images and evaluating the displacement fields. Two ordinary filament lamps were used for illumination. The camera is fixed to one of the grips of the machine and its lens axis is perpendicular to the specimen plane (x-y-plane). Also an extensometer (Epsilon Technology Corp) with a 50 mm gauge length is used to monitor the elongation of the notched area of the specimen.
The specimen is loaded in prescribed deformation mode in the x-direction at a constant deformation rate of 0.1 mm/s while the framing rate of the camera is two frames per second. A loading sequence to fracture of the specimen takes about 20 s and typically 40 frames are recorded of the translating and deforming speckle pattern at the centre part of the specimen. To acquire an undeformed reference, the framing sequence is started before the tensile deformation starts. The field-of-view is chosen to 5 Â 6mm in order to get a good representation of the developing plastic localisation in the centre of the specimen. As the specimen is stretched, also out-of-plane displacement will occur, especially towards the end of the test when necking takes place at the centre. However, measurements using white light speckles are only moderately affected by out-of-plane displacements and the depth of focus is verified to be sufficient for the application.
For calibration of the spatial resolution of the images a known rigid body displacement (in millimetres) is imposed on the specimen while images are recorded before and after. The displacement field (in pixels) of the images is evaluated and the mean value over each image is used to compute the calibration factor between physical length and number of pixels.
Evaluation of displacement and strain fields
The displacement fields obtained from the DSC-method are determined by performing a cross correlation procedure on images captured before and after a deformation. The first image is divided into a number of small regions, called sub-images. Each of these sub-images has a unique speckle constellation due to the random pattern on the specimen. The cross correlation procedure searches over the second image and the position where the correlation coefficient for the local speckle pattern is the highest is taken as the new location for the sub-image. From the old and the new positions the displacements can be determined (see Wattrisse et al., 2001a,b; Tong, 2005; Kajberg and Lindkvist, 2004; Sjödahl (1994 Sjödahl ( , 1997 ).
It should be noted that the cross correlation procedure used here does not take into account strain or rotation of the sub-images when their new positions are determined. Decorrelation caused by these effects may therefore reduce the accuracy in cases of large strains between the two images. As large total strain levels are of interest in this investigation a sequence of many images with less strain between them is recorded during the process and a stepwise development is determined by repeated use of the correlation procedure on images from the sequence. The output of this procedure is the in-plane displacements u and v of the midpoints of the subimages for each step in the sequence.
For the determination of the strain state a procedure based on polar decomposition of the deformation gradient is employed. The method is outlined below and the theoretical background can be found in text books such as Holzapfel (2000) and Bonet and Wood (1992) . Similar schemes for computation of strains have been used in Wattrisse et al. (2001a,b) and Kajberg and Lindkvist (2004) . Generally in a Lagrangian description of deformation we have x 0 ¼ x þ uðxÞ where x 0 is the current position of a particle emanating from the position x and uðxÞ ¼ ðuðx; y; zÞvðx; y; zÞ wðx; y; zÞÞ is the displacement vector. The deformation gradient F is defined by 
In the present case it is a reasonable assumption that the values of u and v that are measured at the surface of the specimen represent Fig. 3 . Experimental setup for tension tests of speckled specimens. 
where R 2D is the proper orthogonal rotation tensor ðR T 2D R 2D ¼ IÞ and U 2D is the positive definite and symmetric right stretch tensor
Now, spectral decomposition yields
where k 1 and k 2 are the square roots of the eigenvalues of the symmetric matrix U 2 2D ¼ F T 2D F 2D and n 1 and n 2 are the corresponding eigenvectors. The logarithmic (Hencky) in-plane symmetric strain matrix e 2D with components e x ; e y and e xy is then computed as
Assuming conservation of volume during plastic deformation, implies det F ¼ 1 which with Eq. (1) gives
and the normal strain in the thickness direction is then computed as
So, from the DSP-measurements the displacements u and v are known for the experimental nodes corresponding to the midpoints of the subareas. In the next step the in-plane derivatives at each node are calculated approximately in a least square sense by applying a so called first order Savitsky-Golay filter Press et al. (1992) . The application of this method is described in Kajberg and Lindkvist (2004) and consists of fitting first degree polynomials for uðx; yÞ and vðx; yÞ, respectively, to measured displacements of nine ð3 Â 3Þ neighbouring nodes and assigning data for the polynomials (slopes) to the centre node of the 3 Â 3 nodes. Thus approximations of the derivatives are assigned to each experimental node. Next the strain components e x ; e y ; e xy and e z are calculated according to Eqs. (1)-(7) and hence the current strains are computed for each experimental node and at each time step. Finally, with the strains known at each time step an equivalent plastic strain can be computed by adding increments according to
where for example De x is the change in the strain component e x between two time steps and n represents the time step for which the computation is performed. Eq. (8) . It is an approximation in that out-of-plane shear components are assumed to be negligible which has been verified by FE-calculations in a similar situation in Kajberg and Lindkvist (2004) . Also, the elastic contributions to the computed strains are neglected because they are typically two orders of magnitude smaller than the total strains at fracture. The strains produced by the calculation scheme described above in Eqs. (1)- (7) represent Lagrangian logarithmic strains obtained in the experiments. Therefore, the equivalent plastic strain evaluated according to Eq. (8) corresponds to the so called true strain in a uniaxial case with monotonic tensile loading as in a conventional tensile test. The accuracy of the evaluated quantities is influenced by the accuracy of the correlation procedure and of the approximations in the strain calculations. An assessment of the uncertainties can be found in Kajberg and Lindkvist (2004) . As the framing rate of the digital camera is 2 frames per second during the experiments, fracture will occur at an unknown time instant less than half a second after the last frame in the sequence of some 40 images recorded during about 20 s. The strain state at the last frame is taken as representative for fracture and its maximum value defines the value of fracture strains presented below. 
Results
Primary results from the experiments are the time-histories of the tensile force measured by the force transducer, the time-histories of the extension measured by the extensometer and also the digital records of the speckled specimens taken at known time instants with equal intervals. An example of a plot of force versus extension with marked instants for the photographic records is shown in Fig. 4a . From the speckle records the evaluation procedure briefly described above produces information of in-plane displacements ðu; vÞ and of the strains (e x ; e y ; e xy ; e z and e ep ) at different time instants during the plastic process. The experimental grid is defined by the chosen midpoints of the sub-surfaces, and strains are evaluated and presented at those points. A time-sequence of plots of for example equivalent plastic strain is produced and an example of three plots from such a sequence is shown in Fig. 4b where the spatial distribution of e ep (normalized with the fracture strain for 1.2 mm and 0°) according to Eq. (8) is presented. These developing strain fields are studied in order to gain knowledge of the evolution of the necking process.
First a study was performed with the intention to determine the spatial resolution necessary for observation and measurement of the inhomogeneous plastic strain associated with onset and progress of necking in the sheet material of interest. Different distances between sub-surface midpoints, defining the experimental length scale, were used in the evaluation algorithm and the equivalent plastic strain e ep (Eq. (8)) was calculated. Fig. 5 shows profiles of e ep along the centreline of the specimen (x-axis) at the last frame before fracture. The eight profiles in each diagram in Fig. 5a and b are evaluated with different spatial resolutions. Due to experimental uncertainty and the numerical differentiation involved in the evaluation process, noise is introduced in the strain data and the noise level increases with a decreasing experimental length scale. An optimum experimental length scale giving sufficient resolution but limited noise is sought and it is concluded from Fig. 5a and b that an experimental length scale of 25 and 50 pixels, respectively, corresponding to about t/10 (t is sheet thickness) renders a sufficiently good representation of the main features of the necking without introducing too much noise. The noise level for the resolution 25 pixels is estimated to less than 0.03 in the normalized strain scale according to Kajberg and Lindkvist (2004) . Curves for smaller resolutions than 25 and 50 pixels, respectively, were left out in the presentation to improve clarity in Fig. 5 . The resolutions 25 and 50 pixels are used in all subsequent results. In Fig. 5c the normalised strain profiles for both thicknesses are plotted in the same diagram versus the normalised x-coordinate for the experimental length scale t/10. The profiles are similar which indicates that the sheet thickness is the dominant length scale in the necking process.
The development of local strain with time during a tensile test can now be studied using the suitable spatial resolution t/10. In Fig. 6 , a time-sequence of strain profiles ðe ep Þ along the x-axis is presented for the 1.2 mm thickness. One can observe from the strain profiles in Fig. 6 that the localisation has a length scale of about 2t at the early stage but that the subsequent development of strain concentrates to the centre part of the localised area. At the last observation before fracture the strain ðe ep Þ reaches its largest measured value. This maximum value for the 1.2 mm material in the 0°direction is used for normalisation of strains.
It is important to choose a suitable experimental length scale in order to study the spatial features of the necking process but it is also essential to recognise that the evaluated fracture strain will depend on the chosen experimental length scale. It can also be noted that the necking ultimately ends with the formation of one or more cracks at a very small area and the experimental length scale needed to study details of the actual crack formation is of course very small.
Results such as those presented in Fig. 6 are produced for all combinations of the two thicknesses and the three directions. Two repetitions of each experiment were made and normalized values of measured fracture strains are presented in Table 1 . Also, in the lower part of Table 1 , mean values of the fracture strains for the conventional tensile tests measured with a 50 mm extensometer are presented for comparison. The same normalising value has been used for both the local and the conventional measurements.
The value of the fracture strain is generally largest in the rolling direction and least in the 90°direction. The relations between the results for different directions are more differing for the locally measured strains than for the conventionally measured strains. This is an effect of the much smaller length scale in the case of locally measured strains. The local strains in Table 1 represent an experimental length scale of t/10 while the conventional strains represent length scales of 42t and 21t, respectively.
The values in Table 1 reflect the situation at the last frame before fracture at the point where the failure will start before the next picture is taken. These values approximate the fracture strains and are of great interest in for example design work in that they can be used to establish strain based fracture criteria in FEM-simulations with larger length-scales (element sizes). Also, with this sequential field method in combination with the specimen design giving fracture at a predicted inner point, it is possible to follow the development of certain quantities at the critical point where the fracture originates through the plastic process. In Fig. 7 normalised strains e x ; e y ; e xy ; e z and e ep at the fracture point (for 1.2 mm and 0°) are plotted as functions of the extension of the 50 mm extensometer during a test. Also the applied external load F is plotted.
It is obvious from the curves in Fig. 7 that the strain levels at the fracture point increase slowly in the early stages of the process but accelerate towards the end. This is caused by the localisation of the strain field towards the centre of the specimen, visualised in Fig. 4b . One can also note that the relation between the strains change during the test so that the increase in the shear strain e xy starts late in the process. The strain in the loading direction, e x , is of course the dominating strain component throughout the test.
Perpendicular to the loading direction the magnitude of e z is about three times larger than that of e y implying a faster decrease in the thickness direction. This is explained by the geometrical constraint that the notch causes in the y-direction. At the very end the magnitude of e y seems to become almost constant which is interpreted as the onset of the final stage in the localizing process when the thinning and the other in-plane strains accelerate towards fracture in the centre of the specimen.
The strains shown in Fig. 7 are, in a sense, the main results of the experiments. However, from these also other quantities can be computed and analysed for the developing plastic process. In general, strain in any direction in the x-y plane can be calculated and in particular the principal strains in the x-y plane and the principal angle may be of interest. Since the strain state is known at different time instants during the plastic deformation it is also possible to evaluate and study rates of all quantities simply by time differentiation.
Some typical results for specimens taken in different angles to the rolling direction are shown in Fig. 8 . The development of the equivalent plastic strain in the point of maximum strain for the three directions is shown in Fig. 8a . It is obvious that the strain level at a specific value of the extension is lower for loading in the parallel direction than for the other directions. It is also clear that the fracture strain for loading perpendicular to the rolling direction is much lower than for the other two directions. In Fig. 8b the development of the principle angle in the sheet plane is presented for the different loading directions. The principle angle is almost zero at the beginning of the tensile test but a deviation occurs later. This deviation is synchronous with the development of a preferred shear direction and it occurs earlier for the 90°direc-tion than for the other directions. It is also noted that the principle angle at fracture is smaller for 90°than for 0°and 45°.
Conclusions and discussion
A tensile specimen for sheet material testing has been designed to have plastic localisation and onset of fracture at an inner point, thus avoiding influence from cut edges on the fracture process. The shape is of dog-bone type but with shallow notches and therefore the strain state is not homogeneous so an optical field method is utilized for monitoring of the developing strain state. From a sequence of digital photographs of the speckled specimen surface strains are computed at experimental nodes and at times when photographic records are taken. Hence, the measurements allow monitoring of the strain development both in space and in time.
Specimens of ultra-high strength steel sheets, 1.2 and 2.4 mm thick, are cut in 0°, 45°and 90°to the rolling direction by abrasive water cutting. The development of necking, or plastic localization, is studied during deformation. First it is concluded that a spatial resolution of about t/10 is necessary in order to observe the main features of the neck geometry and that the plastic localization gets narrower towards the end of the process. At the last time steps before fracture the increase in strain is concentrated to the central part of the neck with an extension of about half the thickness while the peripheral part of the neck that was active in the earlier stage of the plastic process is not active towards the end. Further it is observed that the locally measured fracture strain is significantly higher for specimens cut out at 0°and 45°to the rolling direction compared to the ones cut out perpendicular to this direction.
The method of digital speckle correlation produces displacement fields from which strain measures of good accuracy are determined. This accuracy could however be improved even further by applying smaller speckles and using a camera with higher resolution. By doing this the spatial resolution of the experiment could be increased compared to the one used in this work. Instead of using a camera with a higher resolution one could use a stronger lens, this is however not trivial since the depth of field then is reduced. The out-of-plane displacement of the surface in the region of the neck might then cause the camera to loose its focus. Even in the measurements carried out in this work the definition of the images is reduced in the region of the neck towards the end of the tensile tests.
The material used for the investigations in this work is only studied in room temperature. In hot-forming operations the blanks are heated to about 900°C which completely alters the properties of the material. The phenomena of necking and fracture are of great importance in hot-forming operations which is why a natural extension to this work would be to investigate the plastic strain localisation in material at 900°C.
